Although normally a harmless commensal, Candida albicans has the potential to generate a wide range of infections including systemic candidaemia, making it the most common cause of bloodstream infections worldwide with a high rate of mortality. C. albicans has long been considered an obligate commensal, however, recent studies suggest it can live outside animal hosts. Here, we have generated PacBio sequencing and phased genome assemblies for three C. albicans strains from oak trees in the United Kingdom (NCYC 4144, NCYC 4145, and NCYC 4146). Our results provide phased de novo diploid assemblies for C. albicans and provide a framework to study patterns of genomic variation within and among strains of an important fungal pathogen. 2 3 4 5 6 7 8 9 10 KEYWORDS Candida albicans yeast, haplotype phasing, SMRT sequencing are not commonly obtained during de novo genome assembly since 1 phasing parental haplotypes is technically challenging. As of May 2 2019, there were only ⇠120 assemblies with some level of hap-3 lotype resolution in the NCBI Assembly database, a small num-4 ber compared to well over 300,000 haploid assemblies (Kitts et al.
INTRODUCTION 1
The fungus Candida albicans is found in the healthy human gut novo diploid genome assembly has currently been reported for 38 pathogenic or environmental strains of C. albicans. 39 Phasing haplotypes is important for understanding the relation-40 ship between DNA sequence and phenotype in diploid organisms 
53
Despite their utility, phased diploid representations of genomes 54 digested overnight at 37 C using 100 units lyticase (Sigma, L2524-48 50KU). Cells in each tube were pelleted (2 minutes at 16,128 g), 49 resuspended in 300 µl Promega Nuclei Lysis solution and 100 µl 50 Promega Protein Precipitation solution, cooled on ice for 5-30 min-51 utes and cell debris was pelleted at 16,162 g for 10 minutes. The 52 DNA in the supernatant was precipitated in 300 µl isopropanol 53 and pelleted at 16,162 g for 10 minutes, washed with 300 µl of 70% 54 ethanol at room temperature, pelleted at 16,162 g for 5 minutes, 55 and air dried for 15 minutes. Pellets were resuspended in Promega 56 DNA rehydration solution (1x TE buffer). RNA was digested using 57 1.5 µl (5.25 units) Promega RNase solution at 37 C for 1-2 hours, 58 then at room temperature overnight. For each tube, 1 µl was visu-59 alized alongside a high molecular weight ladder on an agarose gel assembly/phasing/polishing software were downloaded as 99 part of the pb-assembly metapackage (v0.0.1) from bioconda 100 (https://github.com/PacificBiosciences/pb-assembly). FALCON 101 assembly was performed with a genome size parameter of 14.2 102 Mb, seed coverage of 30x, and a length cutoff for corrected 103 reads of 1,000 bp. Consensus sequences were obtained af-104 ter phasing using the Arrow polishing algorithm (v2.3.2) in 105 FALCON-Unzip. Minimum coverage required for Arrow pol-106 ishing was set to 5 and the positions of regions that could 107 not be polished were summarized using a script (fastaLC2n.pl; 108 https://github.com/bensassonlab/scripts) and are provided in 109 Files S1 to S6. The full assembly pipeline was run on a computer 110 node with 48 AMD Opteron processors and 512 GB of RAM. Soft-111 ware versions and parameters used for assembly are provided in 112 Files S7 to S9.
113
Reference-based scaffolding of primary contigs was performed 114 using RaGOO (v1.01; Alonge et al. 2019) aligned to the SC5314 115 reference genome (Assembly 22, A haplotype, GCF_000182965.3). 116 RaGOO scaffolding was only used to assign primary contigs to 117 chromosomes, and subsequent QC analysis was performed in the 118 raw, non-scaffolded assemblies. Haplotig placement relative to the 119 primary assembly of each strain was done by aligning haplotigs to 120 primary contigs with minimap2 (v2.16-r922; Li 2018) using the '-x 1 asm5' alignment preset. The longest alignment for each haplotig 2 was used to determine the placement in the primary assembly, 3 allowing unaligned sequence from either end of the haplotig to be 4 reported as alignment "tails".
5
Diploid assembly quality assessment 6 To assess their overall quality, we compared the resulting assem-7 blies to the reference genome for C. albicans strain SC5314 (As- visualized nucmer alignments of at least 1,000 bp using dotPlotly. 26 We assessed the phasing status across the genome by aligning 27 contigs from diploid assemblies to the haploid reference and an-28 alyzing the depth of contig coverage. Alignments were obtained 29 as described above, converted to BED format, and the depth of Files S10, S11, and S12. Annotations of positions of confirmed LOH 71 regions, assembly gaps, uncertain regions with unexpectedly low 72 heterozygosity, and regions that were not polished by Unzip are available for primary assemblies in Files S1, S2, and 
RESULTS AND DISCUSSION

80
High coverage long-read datasets for C. albicans oak strains 81 We generated PacBio DNA sequencing data for three strains of C. Table   92 1).
93
Long reads allow for high quality diploid assemblies of C. albi-94 cans 95 We used the FALCON/FALCON-Unzip assembly and phasing 96 pipeline (Chin et al. 2016) to obtain phased diploid assemblies for 97 the three C. albicans oak strains. For each strain, the assembly is 98 composed of two sets of contigs; a primary contigs set, and an alter-99 nate haplotigs set. The primary contigs provide a pseudo-haploid 100 representation of the genome, (i.e., they may include haplotype 101 switches), and the haplotigs represent alternate haplotypes in the 102 regions for which phasing was achieved. Phasing interruption 103 and haplotype switches may occur when FALCON-Unzip is no 104 longer able to establish linkage between variants (e.g. in LOH 105 regions). We note that FALCON-Unzip removes non-linear contigs 106 with high copy number, and as a consequence there is no mtDNA 107 represented in the assemblies reported here. (Table 2) . Several chromosomes 3 were assembled as contiguous gapless sequences spanning the 4 entire chromosome, reflecting the low fragmentation of these as-5 semblies. For strain NCYC 4144, chromosomes 1 through 7 were 6 recovered as single contigs, while chromosome R was split in two 7 contigs (Figure 2A ). In strain NCYC 4145, chromosomes 1, 3, 4, 8 and 6 were recovered as single contigs whereas the remaining 9 chromosomes were split into either 3, 5, or 9 contigs ( Figure 2B ).
10
In strain NCYC 4146, chromosomes 3, 4, and 5 were recovered as 11 single contigs whereas the remaining chromosomes were split into 12 either 2, 4, or 5 contigs ( Figure 2C ). Haplotig N50 (the N50 length 13 of phased blocks) ranged from 174 kb in NCYC 4145 to 254 kb in 14 NCYC 4144 (Table 2) . Although FALCON-Unzip produces many 15 haplotigs per chromosome instead of fully phased chromosomes, 16 the phase block length achieved in these assemblies is more than 17 two orders of magnitude larger than the average gene length in C. Whole-genome alignments and dot plots indicate large-scale 20 genome colinearity between the reference strain SC5314 and both 21 primary contigs or haplotigs for the oak strains (Figure 2) assembly is incorrect. The rate of these probable errors is lower 50 than one every 50 kb or one every 300 SNPs and confirms that 51 the base quality of the majority of sites in the assemblies is high.
52
For the strain with the most complete primary assembly (NCYC and alternate assemblies are provided in Files S1 to S6. FALCON-Unzip, we mapped all contigs (primary and haplotigs) 100 from diploid assemblies to the haploid SC5314 reference genome 101 and analyzed the resulting depth of contig coverage profiles. While 102 the average depth of contig coverage is approximately 2 in the non-103 LOH regions for the three strains, this value drops to an average 104 of 1. 31, 1.58, and 1.39 in LOH regions of NCYC 4144, NCYC 4145, 105 and NCYC 4146, respectively (Figure 3) . The difference in average 106 depth of coverage between LOH and non-LOH regions is signifi-107 cant at a 99% confidence level (Welch two sample t-test, p-value 108 < 0.001). These results confirm the expectation that homozygous 109 regions disrupt phasing by Although largely matching the previously known LOH regions, 111 contig coverage profiles sometimes reveal windows for which 112 the observed depth is >2, or where the depth is not as expected 113 given the presence or absence of LOH (Figure 3 ). Since contig 114 coverage is calculated after aligning the de novo assemblies to the 115 haploid reference, duplications in either haplotype that align to 116 the same location in the reference genome could result in contig 117 depth >2 (see subsection below). Additionally, regions defined as 118 LOH by short-read variants that have the expected diploid contig 119 coverage could represent regions where haplotype divergence at 120 the nucleotide level is low, but more substantial at the structural 121 level. Indeed, FALCON-Unzip also uses heterozygous structural 122 variants to phase assemblies, which could potentially be used 123 even in the absence of significant nucleotide divergence (Chin et al. assemblies, the majority of chrR could be assembled and phased 5 in two haplotypes (Figure 2 and 3) . Together, these results suggest 6 that chrR trisomy is likely represented by two major haplotypes, 7 one with a ploidy of 2 and the other with a ploidy of 1. Nantel 2006) . Our work also demonstrates that phased diploid 37 assemblies generated using PacBio long-read data can provide 38 detailed insights into genome structure and evolution in C. albicans 39 that are not possible to obtain using short read sequencing. This ad-40 vance is especially important for an asexual diploid species such as 370: 1198-1208. (7) 3.9 (67) 0.4 (7) 3.6 (62) 0.4 (7) Fragmented 1.3 (23) 2.1 (36) 1.5 (26) 2.6 (44) 1.0 (17) 2.0(35) Missing 1.6 (28) 18.7 (320) 2.3 (38) 9.2 (157) 2.1 (35) 13.7 (234) a The Saccharomycetales ortholog gene set v9 was used in this analysis and comprises a total of 1,711 genes.
TABLES AND FIGURES
Figure 1
Read length distribution for the PacBio data sets generated for three C. albicans oak strains. Vertical lines indicate read N50 length.
Figure 2
Diploid assemblies of C. albicans (y-axis) aligned to the reference strain SC5314 (x-axis). Darker grid lines demarcate the chromosome limits. Horizontal lines set the limits between contigs. For each chromosome, primary contigs are ordered before haplotigs and colored by percent identity to SC5314. 
